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In 1934, he was awarded the Ferranti Scholarship by the Institution of Electrical Engineers and joined E. B. Moullin* at Oxford to do research on circuit and valve noise. There are many references to his work in Moullin's book Spon taneous fluctuations of voltage; in the preface, Moullin writes: 'K the subject has been advanced enormously by Williams' able work. . . . Also he has been able to make in the University of Manchester two or three vital experiments which have been seen to be necessary in the course of writing this book. ' He was a commoner at Magdalen College and during his residence, he twice coxed college eights in 'bumping' races. For the work at the Engineering Laboratories, he was awarded the degree of D.Phil. in 1936.
From Oxford he returned to Manchester as an Assistant Lecturer in his old department, where he continued research and published some 20 papers on noise (including one on partition noise in multi-electrode valves), diode detectors and other electronic topics.
J. R. Whitehead, later associated with Williams at T.R.E., recalls that during his own undergraduate days , Williams gave a new 'Electro-technics' course which, years ahead of its time, bridged physics and electrical engineering. Sir Bernard Lovell recalls that he worked on Hartree's differential analyser in the basement of the old Schuster Building, and was associated with Williams in the curve-following device.
He was awarded the degree of D. Sc. in 1939. He then left the University and, with a well-established reputation, joined the Experimental Establishment at Bawdsey.
T he war years
For several years before the outbreak of World War II, secret work had been in progress on RDF (subsequently known as radar or radiolocation). A chain of stations (CH stations) had been built round the coast to give warning of the approach of enemy aircraft. Any aircraft would give a radar echo and it was necessary to devise a system by which friendly aircraft could be distinguished. The IFF (Identification Friend or Foe) system was in an early stage of develop ment and it was on this that Williams was set to work. Sir Robert Watson-Watt writes in his book Three steps to victory that Williams took the main points of the system devised by A. F. Wilkins and R. H. Carter and initiated a long series of versatile and increasingly complex IFF systems, which went into operational use.
In IFF, a device (called a 'transponder') carried in Allied aircraft, responded to a received radar r.f. pulse by transmitting a signal on the same wavelength to the ground; the received signal could be modified before retransmission to the ground and a simple code could be introduced. The transponder contained a super-regenerative receiver which was adjusted (manually) so that oscillations in the radio-frequency oscillator did not normally build up in the absence of a radar pulse signal. The arrival of a signal caused oscillations to be initiated; the oscillator output was rectified and the resulting waveform was amplified and fed back through an RC wave-shaping network to the oscillator with polarity to cause the oscillation amplitude to increase; this produced a powerful burst of oscillation which was radiated on the same frequency as that of the initiating radar signal, causing an intensification and widening of the echo observed on the radar screen. This distinctive echo was thus identifiable as belonging to a friendly aircraft. The oscillator tuning was swept mechanically through the CH band.
The engineering development and manufacture of the IF F sets mark I were done by Ferranti Ltd. This first collaboration between Williams and Ferranti in 1939 was the start of a long association.
IFF mark II worked on the same principle, but covered three separate wavebands. Ferranti Ltd were again involved, and a pre-production set was on test at A.M.R.E., Dundee, by November 1939.
New radar wavebands were coming into use and it was recognized that it was not feasible to modify IFF transponders by the addition of more and more bands. Williams was thinking about the design of a 'universal' IFF transponder to work in a separate band reserved for IFF. The system would require ad ditional IFF transmitters ('interrogators') and receivers '(responders') at each radar station. This was IFF mark III. Williams sent one of his team, J. R. Whitehead, to Ferranti, where in collaboration with Hubert Wood, the new transponder was developed. There were two significant features of the new device: the use of a cathode follower in the positive feedback loop, and the inclusion of automatic gain stabilization (AGS). The cathode follower had been described in a paper on the Marconi-E.M.I. television system; Williams used it to drive the grid of the oscillator to increase the transmitter output. This may have been the first application (apart from the initial one) of the cathode follower; it was made in April 1940. Early IFF sets without AGS required critical adjust ment of the oscillator bias so that the set would operate on a received radar pulse but not on noise. A reduction of bias allowed the oscillator to produce continuous waves which caused interference on radar. With AGS, the output of the oscil lator was rectified by a mean rectifier, and the resultant d.c. signal, after ampli fication, was fed back with polarity which reduced the tendency to oscillate. The super-regenerative detector was thus maintained automatically in its most sensitive state.
In February or March 1940 an IFF set was installed at R.A.F. Leuchars, to act as a homing beacon for a Hudson squadron operating from Leuchars. This is believed to be the first beacon installation in the m band. In the summer of 1940 Williams moved to work on AI (Airborne Inter ception), and B. V. (now Lord) Bowden took charge of IFF.
AI mark IV had been designed by A. D. Blumlein at E.M.I. Williams designed manual strobe circuits and switching circuits for the amplified strobe output for mark V. The importance of this work by Williams was that much of it was applicable to automatic tracking. Automatic AI was required because the air gunner in the Defiant fighter (which had been withdrawn from daylight opera tions and was to be used as a night fighter) could not operate the manual AI probably because there was insufficient room in the turret. Work was started on the necessary automatic strobe circuits in early autumn 1940. The strobe was to search out from zero range to the ground returns and lock automatically on to an echo. If no echo was found, the strobe ran on until it encountered the wide ground echo, which caused it to return to minimum range and restart its search. E.M.I. were also working on the problem and in the autumn of 1940 Williams and Blumlein met.
This meeting had great significance for Williams, and he never lost his admiration for Blumlein. He was greatly impressed by the engineering approach to circuitry at E.M.I. and recognized with greater clarity than ever before that with the right approach circuits could be designed. Blumlein sought to achieve designability through the use of long-tail pairs, which he had invented. The current in a pair of triode valves was defined by the value of the common cathode resistance (the tail resistance) and the voltage to which it was returned; the voltage across the tail resistance was made large enough to render variations in the triode grid bases of negligible consequence. This is the 'defined current* approach. Williams's methods developed rapidly after this meeting. For non linear circuits, voltage amplitudes were determined by catching diodes and/or by allowing valves to operate either 'bottomed' or cut off, so that variations in valve characteristics had no effect on the performance of the circuit. This is the 'defined voltage amplitude' approach. For linear circuits negative feedback was used, so that again variations in valve characteristics were of but secondary importance.
'Designability' became the motivating force of Williams's circuit work, as is attested by many of his war-time colleagues. He himself wrote in 1946 in his authoritative paper 'Introduction to circuit techniques for radiolocation': 'In approaching the problems of precision, reliability and producibility, the author and his colleagues have, rightly or wrongly, assumed that basically these requirements reduce to a single requirement, "designability" ; i.e. to the develop ment of circuits whose operation can be predicted accurately before they are built. ' Few people realize that Williams produced what is now known as the oper ational amplifier. The kernel of the idea came from Blumlein, who needed a half-second time constant in the AGC circuit of the AI mark VI receiver. Since AI was an airborne equipment, the use of a physically small capacitor was desirable. The circuit used exploited Miller effect. It had a capacitance, C, connected between the anode and control grid of a pentode, the input being via a resistance, R, which was also connected to the control grid. Blumlein called the circuit time constant between the input and the control grid the 'fed back time constant'. Its value is RC(l+n), where n is the voltage gain between control grid and anode. Williams generalized the concept. The amplifier described in the paper on 'Electronic servo simulators' presented at the Servo Convention in 1947 is similar to most operational amplifiers designed subsequently.
E. H. Cooke-Yarborough, now at Harwell, gives an account of the invention, in January 1941, of a circuit which became widely known. It conveys the spirit of many such inventions made in this period, and the sense of urgency with which Williams attacked problems throughout his life: 'I had been working with my assistant Bill Howell on an automatic range gate with an amplifier incorporating a pentode with a short suppressor grid base, whose gain was stabilized by inserting a resistor between cathode and earth. To my surprise I found the polarity of the waveform appearing at the anode to be the reverse of what I had expected. Further investigation showed that Howell had returned the suppressor grid to earth rather than to the cathode, so that as the cathode current rose the suppressor grid became more negative relative to the cathode and diverted an increasing proportion of the rising cathode current away from the anode and to the screen. The effect was that as the grid potential progressively went "up" the anode current first rose and then fell again.
'I discussed this unexpected behaviour with F. C. during the tea-break, and he immediately pointed out that the amplification without inversion implied by the falling side of the characteristic would permit positive feedback, and therefore relaxation oscillation, while the rising characteristic would permit normal amplification and therefore negative feedback.
'He immediately made up a similar circuit, to which he added an anode load, a feedback capacitor from anode to control grid and a leak resistor returned from control grid to the positive line. The anode potential thus fell linearly with time at a rate determined by the values of capacitor and leak resistor until it reached a low potential at which current began to divert to the screen. This caused the cathode current to rise, diverting more current to the screen, taking the valve on to the falling part of the curve, switching off the anode current and causing the capacitor to recharge rapidly through the anode load resistor. By the end of the afternoon the circuit was working and F. C. had christened it the "Phantastron".' By 1942 at the latest, Williams's ideas on 'designability' were established, as verified by this account by S. W. Noble, who later became a member of Wil liams's group:
'It was not until T.R.E. moved to Malvern in 1942 that I had the oppor tunity of learning the fundamentals of circuit design from F. C. himself. F. C., in a series of informal lectures, took us through the whole gamut of what is rather loosely called pulse circuitry, dealing with waveform gener ators, timing circuits, waveform shaping using "virtual earth" amplifiers, pulse forming networks, automatic strobes, etc. For myself, the most important principle to emerge from this set of lectures was that of "designability" in circuit techniques.'
By the spring of 1941, centimetre wave radar technique had advanced to a stage at which it was possible to detect aircraft at ranges of several miles. There was much discussion about how the new techniques could be best exploited in the design of new AI equipment. One proposal was to make an airborne lookfollow radar, i.e. a radar in which the aerial system was made to follow auto matically the target aircraft in elevation and azimuth. Williams began work on the problem of automatic following in March.
Any system of this kind must incorporate some method of measuring the angles of misalignment in azimuth and elevation between the centre of the radar beam and the line of sight to the target; there must also be servo motors, controlled by misalignment signals, to turn the aerial system in a direction which will reduce misalignment.
Williams had already solved the circuit problems involved in obtaining mis alignment signals in AI mark V. Field-controlled d.c. servo motors were thought to be suitable for use in aircraft, but none were available at this stage. However, this was not allowed to hold up the investigation; ordinary d.c. motors were pressed into service, control being effected by using relays to switch the arma tures. The follower was made to work in mid-April. It would track in azimuth only, with a tracking error of about 3° at a rate of l°/s, on an aircraft target. This is believed to be the pioneer 10 cm wavelength automatic follower.
An aerial system or scanner suitable for aircraft installation using field-con trolled motors was ordered from Metropolitan-Vickers and was delivered in September. Such was the rate of progress that ground trials were completed in a fortnight, mean errors in following being about 1°. The apparatus was later installed in a Blenheim aircraft for flight trials and proved successful.
The early servos were stabilized by 'phase advance', then by velocity feedback with the use of a tachometer generator on the motor shaft, and finally by a combination of velocity and acceleration feedback called 'transient velocity feedback'. Continuous development and improvement took place over the next three years and the equipment eventually went into production for the R.A.F. as AI mark IX. This 'transient velocity feedback' servo employing a 'motor generator' consisting of a split field servo motor and tachometer generator in a single frame was widely used in aircraft. By using this machine, the 'Velodyne', a speed control system, was developed in conjunction with A. M. Uttley, who found it to be an accurate integrator with an error of about 0T%. He used it to make an electronic differential analyser and the first aircraft simulator.
In this way the application of servo and circuit techniques led to the idea of electronic analogue computing and servo simulators.
Williams made many direct contributions to systems, and was a member of the 'inner circle' of T.R.E. He originated the H system. W. B. Lewis,* after mentioning his work on IFF, continues:
'Other applications included AI, GCI, Rebecca-Eureka, and Oboe. This was the converse of "H " which appeared in several forms including GEE-H, Rebecca-H, and in the U.S. Micro-H and Shoran. F. C. Williams's Later Chief Superintendent at X.R.E., and now Chancellor of Queen's University, Kingston, Ontario. contribution to these techniques was so extensive it is difficult to think of them without that association.'
An example of such a contribution is given by F. E. Jones, who says: *. . . the Oboe* paper . . . makes reference to a number of innovations due to Fred. In fact the Oboe system intrigued him because it needed all his ideas on circuitry to make it possible. . . . His main and most detailed work came out in the circuitry to measure velocity. The idea of measuring velocity by integrating acceleration and then integrating this velocity to get distance was superb, because the distance was accurately known as in any radar system. This effective "back lock" evaluation of velocity was exactly what was wanted and materially made the great accuracy of the Oboe system.'
Towards the end of the war, Williams put forward proposals for an omni directional pulse radar range system. A highly stable pulse train (controlled by a 5 kHz crystal) modulated a 200 MHz carrier. The transmitter was switched periodically between three aerials situated at the vertices of an isosceles rightangled triangle. In the aircraft it was necessary to measure by means of an automatic strobe or recurrence frequency selector the phase discontinuities in the receiver pulse train. These phase discontinuities were proportional to sin 6 and cos 6, where 6 was the bearing of the aircraft relative to the hypotenuse of the triangle. The bearing of the aircraft could be obtained by applying voltages proportional to these sin 6 and cos 6 components to a manually adjustable resolver system. With a practicable size of ground system it would be necessary to measure time differences of the order of 0.01 p.s. Williams proposed to use existing equipment with a bandwidth of 4 MHz. His proposals were initially thought to be impracticable because uncertainties in timing much greater than 0.01 fxs would be inevitable with such a narrow bandwidth, and reflections from other objects between the transmitter and the aircraft would distort the shape of the received pulse. Undeterred by others' pessimism, Williams set up pilot experiments in the laboratory and was able to demonstrate that his system was practicable. He then committed virtually all his resources to designing and constructing the equipment for a full-scale proving of the system. The project was a brilliant success and was a real tour de f by the circu were developed which were in advance of anything existing elsewhere and applied with such vigour that the project was ready for flight trial in an un believably short time.
A few months before he left T.R.E., Williams became interested in the prob lem of amplifying very small voltages such as the output from thermocouples. He had read a paper of Swedish origin on the properties of magnetic amplifiers, which used a small d.c. power to control a much larger a.c. power. The idea occurred to him of using the current output of a thermocouple to bias a core of ferromagnetic material (such as mumetal) and so disturb the symmetry of the B-H loop. If a large alternating current is passed through a winding on the core, the flux will contain even harmonic components. The second harmonic com ponent of e.m.f. in a pick-up winding (which was proportional to the thermo couple current) could be amplified in a selective amplifier and reconverted to d.c. by the use of a phase-sensitive detector.
J. R. Whitehead writes of Williams during the war years:
'He was most prolific, enthusiastic and unselfish in his creativity. His sole concern was to see the desired electronic function performed elegantly, efficiently and reliably. His ideas were transmitted during informal, usually intense sessions. He was notorious for his tangled breadboard circuits which often drooped over the edge of the bench towards the floor-a unique mixture of conceptual elegance and material chaos. It was thus that we saw the birth of the whole range of feedback timing circuits which brought precision into radar circuit design by use of inherently linear instead of exponential timing waveforms. These circuits carried typical Williams names, created on the spur of the moment in the laboratory. They included the Phantastron (fantastic!) the Sanatron ("sanitary" was his favourite description of a well-behaved circuit) and the hybrid Sanaphant. I remember improvements and extensions of these circuits such as the cathode-coupled phantastron and the sanatron stepping divider.
'Most of these were made in the Pavilion of Malvern College, which with F. C., assisted by N. F. Moody, S. W. Noble and F. J. U. Ritson, was a mecca for electronic circuit types everywhere. Advice and help were given with F. C.'s unfailing, even unwitting generosity. Thus, in a very few years, his influence became apparent wherever circuits were designed. His contributions to the "Waveforms" volume of the Radiation Laboratory "five-foot-shelf" were as crucially important as his earlier direct solutions to immediate circuit problems for IFF, ground and airborne radar, G, H, and many other systems.'
The 'five-foot-shelf' was a major work undertaken at the Radiation Labora tory under the general editorship of Louis N. Ridenour. It was published in 24 volumes over the period 1947-49. Williams acted as editor to volume 19 on Waveforms and volume 20 on Electrical time , and contributed chapters to these volumes.
Computers
To discharge his responsibilities as editor, Williams paid two visits to the Radiation Laboratory. During the first visit in November 1945 he heard rumours about storage on cathode ray tubes, and during the second visit in June 1946 further information was available. This storage, which was concerned with permanent echo cancellation, was short term, because it depended directly on the charge on the inside face of the cathode ray tube which leaked away in about 0*2 s. It did not permit the long term storage required by computers.
On his return to England in July 1946, he began his work on cathode ray tube storage. His first idea was to use a pair of cathode ray tubes, transferring in formation continuously from one tube to the other within the time 0-2 s, and, by this regenerative process, reconstituting the information before it was lost, thereby producing the required long term storage. However, after a series of experiments, he was able to achieve this using a single cathode ray tube. In these experiments, a metal foil or gauze pick-up plate was attached closely to the face of a standard cathode ray tube and signals of a few mV were picked up by it as the electron beam scanned the screen. He observed that as the electron beam was turned on at the beginning of a repeated trace, a positive pulse was generated at the pick-up plate, whereas when the beam was turned off at the end of a trace, a negative pulse was generated which preceded the actual instant of turn-off. This negative pulse, he concluded-, gave a warning that on the previous trace turn-off had occurred, that is, it was a memory of a previous event, and occurred early enough to cause the event, namely turn-off, to occur again on the present trace. Thus, if a gap were put at a given position along the trace, it could be remembered indefinitely by causing the negative pulse, which he called the 'anticipation pulse', to create the gap in the same position each time the trace was scanned. The binary digits 'I ' and '0' corresponded with 'gap' and 'no-gap'.
He wrote in 1974:* 'I never was, never have been, and never will be a mathematician. I did not even know there was any system of numbers other than the scale of ten, but when the specification of a storage system was explained to me I could grasp what was wanted. The cathode ray tube storage system was the outcome. When I left T.R.E. and moved to Manchester in late 1946, it had reached the state where one c.r.t. could store one binary digit.'
There can be little doubt that his appointment to the Chair of Electro-technics in the University of Manchester in December 1946 had the support of Blackett. M. H. A. Newman, then Fielden Professor of Pure Mathematics in the Uni versity of Manchester, who had received a grant of £35 000 in 1946 from the Royal Society for the development of computing machines, was a member of the appointing committee.
After his move to Manchester, T.R.E. continued to support his research and rapid progress was made during 1947. Other methods of representing '0' and 'I ' were devised, for example, 'dot 'and 'dash', 'focused spot' and 'defocused spot', and eventually 2048 digits were stored on a single cathode ray tube.
This form of storage had some important advantages when compared with its contemporaries. Very practical considerations were that it was made of standard components, did not require temperature control, and accurately controlled power supplies were made unnecessary by the regeneration. Perhaps * The remarks attributed to Williams in this section are from the paper 'Early computers at Manchester University ', published in 1974. 38 more important was the fact that it was an immediate access store, that is, stored information could be accessed in the short time required to switch the electron beam to the desired position. This property simplified computer design, and caused some of those computer groups which had been influenced by Van Neumann's parallel ideas, to adopt it. In addition to the work on the store, the design of a computing machine was taking shape. Many sources contributed indirectly to this. For example, the edvac report had appeared in the U.S.A. in 1945; in Cambridge, M. V. Wilkes and his group were engaged on the edsac; A. M. Turing, then at the National Physical Laboratory, held a symposium there early in 1947, and had visited T.R.E. with J. Womersley in the autumn of 1946; A. D. Booth's work on a magnetic recording head greatly assisted the Manchester drum store; and M. H. A. Newman's advice was permanently available.
Williams himself describes the prevailing atmosphere:
'After the event it seems absurd that there could ever have been any doubt as to the viability of the stored program computer. The principle was obviously sound and all that was needed was to assemble the appropriate bits, wire them up, and off you go.
'Before the event the situation was different. There was no storage system in existence that was known to work with the reliability and freedom from errors that would be required. Thermionic valves had hardly ever been assembled in one equipment in the numbers that would be required. In practically every application of valves to date absolute freedom from malfunction had been unnecessary. In communication a missed word could be repeated. In radar if you missed one echo you would probably get the next. It was well known that when electronic equipment failed to function a well placed kick would often cure it. In equipment devoid of memory the post-kick condition was acceptable, in a device with memory it would be useless.
'The fact that these uncertainties did exist may be established by refer ence to Professor M. H. A. Newman's contribution to the Royal Society discussion on computers in March 1948: "The machines now being made in America and in this country will be 'universal'-if they work at ' that is, they will do every kind of job that can be done by special machines". Evidently in 1948, incredible as it may now seem, the 64 dollar question was still "if they work at all" .' By December 1947, the design of the first computer was well advanced and the machine worked on 21 June 1948, as reported in a letter to , dated 3 August 1948. This machine had a total storage capacity of 32 words each of 32 digits on one c.r.t. Two other c.r.t's provided the accumulator and control. Although this machine was small, it had the greatest impact on computing at Manchester University. It solved a variety of problems, which, by suitable choice of parameters, could be made to run for as long as required. Williams describes the first successful run: 'A program was laboriously inserted and the start switch pressed. Immediately the spots on the display tube entered a mad dance. In early trials it was a dance of death leading to no useful result, and what was even worse, without yielding any clue as to what was wrong. But one day it stopped, and there, shining brightly in the expected place, was the expected answer. It was a moment to remember. This was in July* 1948, and nothing was ever the same again. We knew that only time and effort were needed to make a machine of meaningful size. We doubled our effort immediately by taking on a second technician. . . . For us this was the breakthrough and sparks flew in all directions.' Professor Blackett saw this machine and contacted Sir Ben Lockspeiser at the Ministry of Supply, who writes: 'I was alerted by Blackett to Freddie's computer when I was struggling with the problems of control and stability of guided missiles in the early days. We were firing experimental rockets and telemetering the results to the ground, but the processing of the data took so long that I jumped at the chance of drastically shortening the time involved.' Sir Ben arranged a meeting with Williams and Eric Grundy of Ferranti Ltd, who recalls it and his own interest in computers thus:
'I was introduced to Freddie in his room at the University by Sir Ben Lockspeiser, whom I had known previously. Ben as Chief Scientist (Minis try of Supply), and later as Secretary of D.S.I.R., produced the money to build the first engineered version of the Manchester mark I machine through his marriage of the University and Ferranti. I had been interested in computers for a little while before, and had sent Dr Prinz to the States to find out the state of the art over there. He obtained introductions to various establishments in the U.S.A. through Douglas Hartree, who, I think, was spending a sabbatical in the U.S. Bureau of Standards. Prinz was asked in the U.S. why he had come there, since the most ad vanced work was being done on Ferranti (i) Speed of response by a Civil Servant (ii) Brevity of specification. Small as it was, this machine was big enough to make a Government Depart ment move so fast as to commit j£100 000 within two months to the construction of a machine the total specification being contained in the words "to the in structions of Professor F. C. Williams".'
The development of this small machine into a full-scale machine continued during 1948 and the first half of 1949. During this period a number of machines of gradually increasing complexity were built, each based on the previous one. At each stage new ideas were introduced, for example, the B tube or index register, and the magnetic drum giving two-level storage, both still featured in modern machines. Williams's group had increased since 1946. A. A. Robinson joined in October 1947 and worked on multipliers and, in particular, on the parallel multiplier. D. B. G. Edwards and G. E. Thomas joined in October 1948 and contributed to general machine design and the magnetic drum respectively. J. C. West, a lecturer in his Department, assisted with the synchronization of the magnetic drum. The contribution of Professor Newman and A. M. Turing, Williams describes as follows:
'We knew nothing about computers, but a lot about circuits. Professor Newman and Mr A. M. Turing in the Mathematics Department knew a lot about computers and substantially nothing about electronics. They took us by the hand and explained how numbers could live in houses with addresses and how if they did they could be kept track of during a calcula tion. In addition, Professor Newman had a grant from the Royal Society. The collaboration was fruitful.' Specifically Turing, who joined the Mathematics Department in the Uni versity of Manchester in October 1948, also designed, with Edwards and Thomas, the papei tape input/output system and wrote a programming manual. G. C. Tootill, who joined the group in the middle of 1947, played two important roles apart from his many contributions. First, he demonstrated the machine to a completely unknown and unannounced gentleman (Sir Ben Lockspeiser on his way to the meeting with Williams and Grundy) after asking him to wait until he fixed it and, secondly, he joined the Ferranti Company during the critical period in the autumn of 1949 when the detailed design of the machine was being transferred to them.
Within two years the Ferranti mark I machine was delivered to the Uni versity and installed in time for the Inaugural Conference held in July 1951.
The whole episode from the first primitive experiments which led to the invention of the cathode ray tube store to the delivery of the full-scale com mercially produced computer had taken less than five years. Other projects within the department then claimed his attention, and Williams comments: 'My own interests drifted to other things like gas turbines. My investigations of these didn't set the world on fire, but they did set the department on fire literally!'
Patents
The first patent application for the 'Williams Storage System' was filed on 11 December 1946 by the Ministry of Supply.
H. J. Crawley, who later became Chief Executive-Engineering Department, N.R.D.C., recalls:
'The inventions of the "Williams Tube" Store and Williams's activities related to the development of electronic computers had a very considerable influence upon the affairs of the N.R.D.C. in its early days. The inventions and developments of Williams and his co-workers in the field of storage and electronic computers represented the first major position to be inherited by the Corporation when it was set up, and provided the foundation for a long and important involvement by the Corporation with universities and industry, and set the pattern for much of the Corporation's activities in other fields. The existence of the "Williams Tube" inventions ensured that the Corporation got off to a very good start.
'A considerable program of patenting was undertaken by the Ministry of Supply as caretakers for the future Corporation, which included the results from other centres of computer development in the U.K., notably the N.P.L. and Ferranti Ltd. The N.R.D.C. was finally brought into being on 28th June 1949 with Lord Halsbury, who had earlier been appointed as an advisor to the Board of Trade, as its first Managing Director.
'Dealing with the electronic computer situation which it inherited from the Board of Trade was the first major task facing the Corporation, and one aspect of this was of immediate urgency; this was to deal with the International Business Machine Corporation of the U.S.A. who wished to use the Williams Cathode Ray Tube Store and had invited Professor Williams to visit them to provide information and advice. Negotiations took place in July 1949 between Lord Halsbury and I.B.M. which resulted in an agreement for an option to a patent licence which enabled Professor Williams to visit I.B.M. and provide technical information and advice.
These arrangements laid the foundation for subsequent licensing and patent sale agreements with I.B.M. which resulted in substantial revenue to N.R.D.C. in its early years. The "Williams Store" was adopted by I.B.M. and used in a number of large machines (the early 700 series) until the cathode ray tube store was overtaken by later developments.'
There was some opposition in academic circles to the idea of patenting the results of university research and Williams, as an inventor and a realist, found himself defending the right to patent. Sir William Mansfield Cooper* comments as follows:
'There still existed, amongst the older members of university staffs, the conviction that private profit was inconsistent with academic learning, the fruits of which they held to be unconditionally available for the "good of humanity". In the battle for the newer point of view, Patrick Blackett was a formidable ally; none could question his concern for the "good of human ity" but he had little room for the old arguments in a changing world, though the fact that the older view never approached difficult levels was, in the end, almost entirely due to external circumstances. The amount of foreign interest in what was happening in the computer laboratories of Manchester University was so increasingly clear that even the purest academic conscience could appreciate that unless something were done to protect the discoveries, the nation would, after brief periods for develop ment elsewhere, find itself paying hard currency for its own inventions. And hard currency was agonizingly rare in those days.
'On the right of the discoverer to the fruits of his discovery, F. C. played the game, within the University, relaxedly. Subtlety of approach was hardly ever his line, but he was not averse from using the techniques of archness and mock-respect. He had assumed, he argued to those who diffeied from him, that the labourer was worthy of his hire, but he felt that he must have completely misconstrued the situation. He had believed, he confessed, perhaps wrongly, that those of his colleagues who wrote books were the sole possessors of any rights arising even on the subjects they were employed to teach. If he was wrong in this and the sole motivation were "the good of humanity", then, of course, the case he was advancing had serious defects. But he was not wrong, and by the least malicious of arguments he had established beyond contest, rights for the scientist not less than those respected by long tradition for his non-scientific colleagues. This internal opposition was somewhat of his own seeking for he was anxious that, as he moved into the real fray, there would be an undivided University at his back. For, outside the University, a sharp opposition was mounted around the principle that, because the scientist in university service was paid, directly or indirectly from government sources, then the State was entitled to the benefits of invention. It was a principle to which * Registrar (1945-51) , acting Vice-Chancellor and Vice-Chancellor (1956-70) in the University of Manchester. F. C. was resolutely opposed. Those were the days in which university salaries and facilities were improving but they were still low, and F. C. took the view that, such as they were, they were fully earned by teaching and the direction of research. In the ensuing contest Williams met the opposition head on, and territory gained was never yielded. In the end his victory was total and the consequences characteristic. F. C. and his co inventors handed over all patents to the University, the benefits to be distributed at the absolute discretion of the University. What F. C. had resented was the imputation that the scientsits were not worthy of the fruits of their industry.'
E lectrical machines
In 1951, E. R. Laithwaite, then a member of the staff of the Department, brought to the laboratory a linear induction motor stator which he had made. His intention was to develop it as the drive for the shuttle of a loom. Williams, however, had a different idea. If the stator, suitably excited from a polyphase supply, were held facing a conducting disk pivoted at its centre, then that part of the disk under the stator would move at approximately the same speed as the excitation wave. If the stator were moved nearer the pivot, the disk would rotate faster, or if the stator were turned through an angle in the plane of the disk, its 'aiming point' could be closer to the pivot and the disk would rotate faster. A motor was built and found to perform as expected. This was the first of the variable-speed induction motors produced under Williams's direction. It was developed to some extent, but could never be a commercial variable speed motor. All elements of the disk are moving at different velocities and therefore at different slips; this leads to excessive P R loss, and only part of the disk could be used to produce torque. All flux had to pass through the conduct ing disk and the flux path had high reluctance.
The disk motor, however, demonstrated that the principle was sound. The first derivative machine was the spherical motor, in which concave spherical stator elements faced the surface of a spherical laminated iron rotor having embedded conductors lying in slots running not only longitudinally but latitudinally as well. The stator elements could be turned so that the air gap re mained unaltered and the excitation wave travelled at a controllable angle to the equatoiial plane. The speed of the machine should vary as the secant of this angle. This motor was developed until the ultimate model had a single movable stator in which the slots had 'pre-skew', so that turning the stator one way from the central position increased the speed and turning it the other way decreased the speed. This was a most satisfactory machine.
Any attempt to fit a non-integral number of pole pairs round the stator bore inevitably leads to discontinuity in the phase progression. The repeatable section of the stator must be 2-k or of excitation is expressible as a trigonometric series whose terms have period 2njm (m taking all positive integral values), and a rotor will tend to run with small slip in the dominant harmonic. It will have large slips in all other har monics. To put the matter another way, the currents induced in an element of the rotor in its passage through the part of the stator where phase varies con tinuously, will continue to flow when the element passes the point of phase discontinuity; the interaction of the existing current with the field beyond the discontinuity will usually result in backward torque and the rotor will run with a slip which minimizes the effect of the discontinuity. In the spherical machine, this disadvantage was ingeniously minimized by constructing the stator in two parts, each with skewed slots, those in one half producing a field with a com ponent travelling towards one end of the rotor, those in the other half producing a field with a component travelling towards the other end. The rotor currents produced under one half of the stator would not react with the field under the other half of the stator and the rotor currents had half a rotation time in which to decay. Furthermore, there was no end-thrust on the rotor bearings.
The practical difficulties of making a machine with spherical surfaces made it improbable that the spherical motor could be a commercial success; all subsequent effort was directed to producing a controllable phase progression round the stator of a cylindrical machine, not by 'angling' the field, but by altering the relative phases of the currents in the stator slots. The first machine to be built using this method was the 'logmotor'. This incorporated an in genious transformer with logarithmically distributed windings (the primary wound like a rotor and the secondary like a stator) in which the phase progression of the output could be changed by altering the relative positions of the primary and the secondary. A more-or-less conventional induction motor was connected to the secondary. Acceptable performance was nearly achieved; the main dis advantage here was that the power had to traverse two devices and each device contributed its quota of loss.
The same may be said of machines supplied through more conventional phase-changers. However, whatever method of continuous phase-control is used, the motor will always prefer to run with an excitation corresponding to an integral number of pole pairs and at these preferred speeds the machine behaves very well indeed. For a set of particular speeds, only a set of alternative phase settings is needed; these can be obtained directly from the three-phase supply by 'switching round the phases'. Switches are cheaper than phase-changers and do not introduce additional loss. As a result of the work of Williams and his colleagues, it is possible to design multi-speed motors which are smaller or more efficient than existing alternatives.
The principle of pole-changing was then applied to a traction system. A diesel engine running at constant speed drove an alternator whose rotor had a d.c. pole-change winding. The a.c. output from its stator was applied to the stator of a squirrel-cage induction motor. Interconnection between alternator and motor stators was such that merely pole-changing the alternator excitation produced a change in frequency and a consequential change in motor pole number. The synchronous speed of the induction motor will be number of poles on alternator rotor speed of diesel engine x -------:
number of poles on motor stator
Thus with the vehicle at rest, the alternator is arranged to have its minimum number of poles. As the motor speeds up, the number of poles on the alternator is progressively increased and the number on the motor correspondingly decreased. The scheme was not taken up by the railways, possibly because of the develop ment of high-power semi-conductor devices which can be used to control d.c. traction motors, with smaller loss of energy than there would be in a twomachine system.
There followed a successful induction-excited alternator. The story is told that Lady Williams complained that although she was married to an inventive electrical engineer, she nevertheless had to get out of bed to draw the curtains. Williams accepted the challenge and produced a clever little machine which, by causing three electrically operated thrusters systematically to clamp the curtain cord against a shaped block, produced an inching motion of the cord. The importance of this gadget is that it was probably the precursor of the automatic transmission system for a motor car which was Williams's last successful project. The car engine was directly coupled to a pulsator unit which produced an alternating torque. This torque was rectified by sprag-type clutches and applied to the transmission shaft. The need for a gear-box was eliminated. An experimental version of this system was installed in a Triumph car and Williams drove it daily between his home and the Uni versity; he was delighted when the Institution of Mechanical Engineers made the first award of the Clifford Steadman Prize to him for a paper describing his system.
U niversity
When, in 1946, Williams was elected to the Edward Stocks Massey Chair, the Department had not recovered from war-time restrictions; the undergradu ate course had been virtually unchanged since prewar days and for five years postgraduate activity had been mostly Government-commissioned. Williams revitalized the Department, not only directing the computer work already described, but also starting a control section and putting all his war-time circuit and control experience into lectures to the undergraduates. These lectures were highly stimulating, being derived from such recent developments and being accompanied by splendid demonstrations. The new approach to circuitry was adopted by all staff, and Williams's mode of thought and his individual way of expressing it became part of departmental lore.
The Department grew in size and reputation under Williams's direction; in 1947 he had a staff of five and the Department produced 17 honours grad uates; in 1976, the staff numbered 23 and there were 50 honours graduates. More than 20 of the people who passed through the Department during these years are now university professors.
He helped many people in an unobtrusive way. An example of this is given by Sir Bernard Lovell.:
'After the war Freddie exerted an unexpected and profound influence on astronomical development. . . . One day early in May 1949 when we were struggling with the early concepts of the large steerable telescope, I received a telephone call which was to have a vital effect on our future. It was from my friend and colleague F. C. Williams. . . . He had received a letter from Hanbury Brown, who wished to explore the possibility of returning temporarily to a university to do research for a Ph.D. He gener ously suggested that my developments at Jodrell might be of more interest to Hanbury Brown than his own work. . . . The suggestion seemed like a gift from heaven' ( Out of the zenith by B. Lovell, pp. 8, 9)
In 1956 he was elected Dean of the Faculty of Science. He had no wish to be an administrator, perhaps because he was too much on the side of the man in the laboratory, but faced with the task, he surprised the secretariat by his insistence on knowing every detail of the agenda of meetings of the Faculty Board. He was not very fond of committees, but paradoxically was a mar vellous committee man. When things went astray, or meetings got heated, he would say a few words which would bring the committee back to the essential details. As chairman, he never stifled another's point of view, but had an uncanny knack of knowing when, and in what terms, to bring a discussion to an end. His sense of timing was acute, and he had firm views as to what was the optimal duration of a meeting (short).
Sir William Mansfield-Cooper writes:
'He disdained niceties, concentrated entirely on meaning, and there was no kind of ambiguity about his utterance. He would place the needs of honesty and integrity before tact in almost any situation, and compulsively so where intellectual interchange was in question. Above all he had a passionate belief in his calling as an engineer. This led him, from time to time, to assume positions a shade more aggressive than might have been expected, but the opposition rarely provoked any retreat on his part, and where he seemed to withdraw it was never beyond a point which he himself had predetermined.
'Even among the scientists themselves he was quick to resent any dis paragement of the technical and practical sciences. He was stout in his defence of the engineering sciences in particular. "Why", he would ask, "is it laudable and proper to show that a thing can be done but quite improper to do it ?" He affected a contempt for the merely academic, though in fact a sense of quality won his instant respect in whatever discipline it was to be found, which is at least one explanation of his immediate success in university and multi-faculty affairs.
'His apparent dismissal of the academic was more assumed than real, for in fact, everything he did as a scientist was marked by a finely sensitive academic quality, and his work, for example, as a Pro-Vice-Chancellor had elements of firmness and objectivity in addition to his almost uncanny capacity to appraise a difficult situation, which won him throughout the university both deep respect and warm affection.
'Where the university called upon him to assume the role of the con ventional academic he was not averse from wringing every permissible ounce of enjoyment from the situation. During the last few years of his life he had been induced to serve as Dean of the Faculty of Music-much the smallest of the faculties and, both in form and in ethos, nearer the usual department than the usual faculty. In its early days the faculty was too small to support a Chair, but even so it had not less than its quota of prima donnas. Thus the unusual tradition had grown of electing a Dean from outside the faculty. If F. C. had ever had a flicker of interest in classical music, let alone any kind of passion for it, he had most successfully concealed the fact, even from his most intimate friends. But he sailed into the deanship of Music with an interest and vigour which delighted everyone, and one of the lasting memories of his colleagues was of a meeting of Senate (which he usually attended by compulsion only) at which it was his duty to present, on behalf of the Faculty of Music, involved and detailed regulations governing changes of curriculum. He had mastered his brief in every detail and presented his case with verve and confidence-a con fidence which increased as he realized how much amusement and delight he was creating among his colleagues. It was a tour de force and a lasting memory.
'He rarely talked of wider interests, and though the pretentious was always anathema to him there was nothing closed about his mind, for to the end, he would meet new persons and experiences with an eager accept ance.'
The honours conferred on Williams include:
